with a helix-turn-helix (HTH) DNA binding motif show a position-function correlation such that repressors have this motif predominantly at the N terminus, whereas activators have the motif at the C-terminus extreme. Using this initial collection we identified by sequence comparison the exhaustive set of transcriptional regulators in 17 bacterial and 6 archaeal genomes. This enlarged set shows the same position-function correlation. The main question we address is whether this correlation is the result of common origin in evolution or the result of convergence. Evidence is presented supporting a common history at the origin of this correlation. We show the existence of a supergroup of eight repressor protein families sharing a conserved extended sequence comprising the classic HTH. Two of these repressor families (MarR and AsnC) originated before the divergence of Archaea and Bacteria. They are proposed at the origin of HTHbearing transcriptional regulators currently present in Bacteria. The group of LysR proteins, with the HTH also at the N terminus, offers a control to the argument, since it shows clearly distinctive structural, functional, and evolutionary properties. This group of activator proteins, suggested to have originated within the Bacteria, has an advantageous gene organization to facilitate its horizontal transfer-used to conquer some Archaea-as well as negative autoregulation convenient for homeostasis, all of which agrees with this being the largest family in Bacteria. These results suggest that if shuffling of motifs occurred in Bacteria, it occurred only early in the history of these proteins, as opposed to what is observed in eukaryotic regulators.
Introduction
Regulatory mechanisms developed in all organisms appear to be almost-infinite in number, but the basic principles on which they operate are relatively few (von Hippel 1998) . The availability of more than 20 prokaryotic genomes offers the opportunity to enrich evolutionary studies of the bacterial transcription machinery. The helix-turn-helix (HTH) motif is one of the most common DNA binding motifs in proteins that control transcription initiation (Sauer et al. 1982) . Previously, we have calculated that about 95% of all transcription factors described so far in prokaryotes utilize the HTH motif to bind their target site at the DNA. The remaining 5% is contributed by other binding motifs such as zinc fingers, helix-loophelix (HLH), ␤-sheet antiparallel, and RNA binding motif (Pérez-Rueda and Collado-Vides 2000) .
In previous analyses (Pérez-Rueda et al. 1998) , we have found a correlation between the position of the HTH motif within the proteins and their regulatory role.
Proteins with the HTH in their N terminus are either repressor proteins or members of the LysR family of dual regulators (they activate and repress different promoters). Proteins with the HTH motif at the C terminus correspond to a diverse set of regulatory families, most of them activator proteins (Pérez-Rueda et al. 1998) . The main motivation of the current study is to investigate whether this correlation is the result of convergence in evolution or the trace of common ancestry.
An exhaustive search for proteins with the HTH motif was performed in the complete genome sequences of 17 bacterial and 6 archaeal species. Evidence is presented supporting the existence of transcriptional regulators sharing a common origin before the divergence of Archaea and Bacteria. We provide evidence for the existence of one supergroup and one ancient family in terms of sequence comparison; the supergroup is associated with repression as its main regulatory function, while the family is associated with dual activity-repression and activation. This analysis suggests a common origin of the proteins forming the supergroup.
Materials and Methods

Sequence Information
The genome sequences and the ORF annotation for all 23 prokaryotic genomes were acquired from Genbank (ftp://ftp.ncbi.nlm.nih.gov/ genbank/Genomes/Bacteria/), except that of Neisseria meningitidis strain Z2491, which was acquired from the Sanger Centre (ftp:// ftp.sanger.ac.uk/pub/pathogens/), and Escherichia coli K-12, which was provided by Blattner et al. (1997) .
Identification of Transcription Factors
Three hundred fourteen DNA transcription factors of E. coli K12 (Pérez-Rueda and Collado-Vides 2000) were compared against the 42147 predicted proteins of all 23 prokaryotic genomes, using PSI BLAST (cutoff E value of 0.05 in the first iteration and 0.01 in the second iteration; BLOSUM 62 probability matrix) (Altschul et al. 1997) to diminish the probability of finding false positives. The outputs were examined using CLUSTAL sequence alignments [with the default conditions (Thompson et al. 1994) ] to exclude proteins whose organization is similar to DNA transcription factors but that lack the DNA binding domain (DBD). This first search gave us 872 putative transcription factors in all genomes analyzed. Using the information from the sequence alignments we excluded 75 proteins whose organization lacks the potential HTH, leaving 797 transcription regulators. See Fig. 1 .
The PROBE program (Neuwald et al. 1997 ) was used to detect distant evolutionary relationships among all transcription regulators. PROBE starts a sequence comparison with a sequence "seed" and saves the most similar proteins. The seed sequences used here were the 314 transcription factors described in E. coli K12. In a subsequent step it uses the saved sequences to search for additional similar proteins in the database. This process is iterated until it converges with a subset of (distantly) related proteins. Outputs with profiles and homologous protein sequences per iteration are generated which do not necessarily correspond to the DBD. Therefore, we verified the outputs manually to detect additional regulators and to exclude proteins whose organization lack a DBD. From this search, 983 proteins were retrieved. We excluded 237 because they lack the DBD, 469 overlap with the BLAST searches, and 277 are novel putative regulators. In this search, 88 proteins were identified as only one group that corresponds to the LysR family, while 210 proteins were retrieved as a big group in several iterations.
Sixty HTH profiles were built using the Gribskov method (Gribskov et al. 1989 (Gribskov et al. , 1987 , corresponding to several known regulatory families. These profiles were constructed using all protein families described in E. coli K12. One profile corresponds to one family, but additional profiles including more than one family were built when their DBDs in E. coli are very similar. This profile combination was originally derived from the high similarity in the DBD in some families in E. coli, for instance, the ArsR, AsnC, and GntR families. Operationally we consider as a family proteins sharing at least 25% sequence identity on their DBDs, the criterion also used by Pérez-Rueda and Collado-Vides (2000) . A family is a group of proteins that are considered to share a common ancestry (Henikoff et al. 1997) . Eight hundred twenty-eight proteins were predicted using this approach. Six hundred fifty-one proteins overlap with BLAST and PROBE, and 177 are exclusive of this procedure.
Alternatively, to corroborate our predictions, hidden Markov model (HMM) profiles were designed with the alignments derived from protein families, using HMMER 2.1.1 (http://hmmer.wustl.edu/). Briefly the method was as follows. Twenty-four HMM profiles were derived from several known protein families in E. coli, such as the Crp, GalR/ LacI, ArsR, and GntR families (Pérez-Rueda and Collado-Vides 2000) . These families were expanded using a larger collection of their orthologue retrieved from Swiss Prot database release 34.0. These proteins were aligned with CLUSTAL W [with the default conditions (Thompson et al. 1994) ]. Using this data set of aligned proteins, we built HMM profiles to identify proteins with similar features in the 23 proteomes. In all searches we used as the cutoff an E value of 10 −3 for inclusion as transcription factors. Using this approach, we were able to detect 1075 proteins predicted by the methods described previously (data not shown).
Finally, GenTHREADER, a program that identifies three-dimensional folds in proteins was used (parameters by default), to identify and corroborate the possible fold of the domain corresponding to the HTH motif identified by PROBE (Jones 1999) . The set of known regulators of E. coli K12 was used as a control set to determine the 
Results
Data Set of Predicted Regulators
One thousand two hundred fifty-one DNA-binding transcription factors (Tf's) within the 23 genomes were identified using three independent approaches: BLAST searches, sequence profiles searches, and iterative search by PROBE. These 1251 proteins result from taking all those identified by all methods (Fig. 1) . All of these factors fall within one of the 24 known regulatory families based on the criterion of family membership mentioned above.
Function assignment of these regulatory proteins was determined using the family assignation. For instance, if the protein belongs to the LysR family, it is asumed to have a dual activity; if it belongs to GalR/LacI, it is considered to be repressor protein. The total number of activators is 260, and that of repressors is 565 (compared with 92 and 113, respectively, in E. coli).
Proteins with ␤-sheet, RNA binding motifs, zinc fingers, and HLH DNA binding motifs were found in lowest proportions. In archaeal organisms, proteins with zinc-finger motifs have been reported, but in a lower proportion than those with HTH .
Even if the initial set of regulators used in the predictive methods has a large proportion of E. coli factors, there are reasons to consider the data set unbiased. Certainly, the HTH motif is not particularly diverse when comparing proteins from different organisms. Family conservation is found across very remotely related prokaryotes, including archaea and remotely related bacteria (see the next section). PROBE detects proteins with distant homology and defines several profiles with proteins from different organisms. When all regulatory proteins were compared, their DBD sequence identity was 25%. Furthermore, even though studies of transcription and of regulatory proteins have traditionally been concentrated in just a few systems (E. coli, phage, Salmonella sp., Klebsiella sp., and a few more), there is an important number of experimentally characterized Tf's of bacteria reported in Swiss Prot. In fact, some families contain more members in bacteria other than E. coli. Based on these arguments, in addition to the results shown in the next section, we consider it unlikely that new variants of the same HTH motif and additional structural subfamilies will be defined in less-studied bacterial genomes. This does not mean that Tf's with different DNA binding motifs will not be discovered in some of these organisms in the future. Figure 2 shows the distribution of the HTH position in the complete set of 1251 transcriptional regulators, showing the same tendency for repressor proteins to have the DNA binding motif at the N terminus, and Cterminus proteins to be populated mostly by activators. The question we address here is whether this correlation is the result of common origin of groups or the result of convergence in evolution due to physical restrictions related to the activation and repression function.
One Argument and Two Groups: Common History at the Origin of the Position-Function Correlation in Transcriptional Regulators
The Supergroup of Repressor Proteins
In E. coli a pattern common to eight regulatory families was detected using the program PROBE-GalR/LacI, DeoR, IclR, GntR, Crp, MarR, MerR, and AsnC (Pérez-Rueda and Collado-Vides 2000)-along with five unclassified proteins (P77484, b0817, YbaE, YmfN, and YabN). This convergence was found using different proteins as the initial "seed," and it is present in about 80% of all known E. coli members of these eight families. The pattern is 40 amino acid residues long, located in all cases at the N terminus of the proteins, except in Crp and Fnr, where it is at the C terminus. It contains the core of the HTH motif and a bordering region that in some proteins corresponds to a third ␣-helix (Suzuki et al. 1995; Wintjens and Rooman 1997) . The convergence of the PROBE iterations motivates the proposal of a supergroup of DNA binding Tf's where proteins from different families were clustered, probably sharing a common evolutionary history.
Members of the supergroup share, in addition to sequence conservation, structural and functional properties. They have folds similar to those of the cHTH, such as those of FruR, LacI, PurR, and Cro, except for Crp and their homologues, which have folds similar to those of the wHTH-identified by the fold recognition program GenThreader (Jones 1999) (Table 1 ). This set groups mostly proteins with repressor function (55% of all repressors described in E. coli are included in the supergroup), and they regulate carbon sources uptake. No other proteins within all E. coli ORFs were detected by this iterative search procedure. Based on this observation, we hypothesized that if the families clustered in the supergroup are the result of a common origin, the same families would be recuperated when iteratively searching within all prokaryotic genomes.
The iterative search in the 23 prokaryotic genomes shows that, in fact, seven of the eight families found in E. coli are recovered sharing the same pattern. In addition to some unclassified proteins, the enlarged number of members of this supergroup belongs to the GalR/LacI, DeoR, IclR, GntR, Crp, MarR, and AsnC families. This pattern (see http://www.cifn.unam.mx/Computational Biology/ hthpredict) is similar in position and amino acid composition to the pattern found in E. coli. Most of the members of this supergroup are repressors, as suggested by their sequence similarity to characterized repressor proteins. Crp is described as a dual protein, although it has been suggested to have originated as a repressor (Raibaud 1989) .
The 1251 regulators analyzed here were grouped in 24 known regulatory families (Pérez-Rueda and ColladoVides 2000). Figure 3 shows the distribution of repressor protein families and of the LysR family in Bacteria and Archaea. Based on the overall distribution of these families within the 23 microbial genomes, their history can be reconstructed. This reconstruction depends on the ability to distinguish a common origin from horizontal transfer or gene loss. We assume that a consistent frequency of orthologues within a family in an organism, as well as the occurrence of this family within all prokaryotes in a given group, supports a common origin for the family within that group (Lawrence and Ochman 1998) . Figure  3 indicates the number of proteins per family in the genomes analyzed. For instance, the ArsR family is clearly present in archaea and several bacteria, whereas MetJ is present only in proteobacteria.
ArsR, MarR, AsnC, and OmpR are suggested ancestor families common to Bacteria and Archaea, given their clear occurrence in most genomes. The first three families are represented in five of the six archaeal genomes in similar or higher proportions compared to their occurrence within the Bacteria. The OmpR family is represented in a smaller amount in only four of them. Although the ArsR family has been associated with mobile elements which could suggest horizontal transfer in Gram-negative and Gram-positive bacteria, such as E. coli and B. subtilis (Sato and Kobayashi 1998) , it is widely present in Archaea and Bacteria. This family contains the shortest repressor proteins, about 100 amino acids long. We have proposed that modules about 100 amino acids long might be the precursors of the DNA binding proteins, because a relatively conserved size of amino acids of proteins within a family has been observed previously (Pérez-Rueda and Collado-Vides 2000). Additional modules with other functions may have given rise to the diversity of transcriptional regulators (Pérez-Rueda et al. 1998). Furthermore, as mentioned above, MarR, as well as the AsnC family, shares the 40-amino acid-long motif common to seven repressor bacterial families defining the supergroup of repressor proteins. Members of the AsnC family involved in DNA organization and amino acid biosynthesis have been postulated to be very ancient, prior to the diversification of the Bacteria, Archaea, and Eucarya (Feng et al. 1997) . A member of the AsnC family has recently been shown to bind at multiple sequences in its own promoter in Sulfolobus solfataricus, overlapping the TATA box, suggesting negative autoregulation of its own gene (Napoli et al. 1999 ). This family is, however, absent in Aquifex eolicus. Two families of this supergroup, AsnC and MarR, were present before the divergence of Archaea and Bacteria about 3000 million years ago (Feng et al. 1997) . We suggest that the HTH of AsnC might be the precursor of the DBD distributed in the supergroup, considering its wide distribution in both domains of life (see Fig. 3 ). The HTH motif is an ancient nucleotide binding motif that might have been related to the stabilization of the tRNA or rRNA and was later recruited for DNA binding of transcription factors. In fact, it has been argued (Draper 1999 ) that the recognition strategies and structural frameworks used by RNA binding proteins are not different from those employed by DNA binding proteins, suggesting that the two kinds of nucleic acid binding proteins did not emerge independently in evolution.
The LysR Family: An Independent Group with the HTH at the N Terminus
Members of the LysR family (Henikoff et al. 1988; Schell 1993 ) were detected as a second group by the iterative search. This family has the DBD at the N terminus and two additional motifs that might be involved in metabolite recognition or in the multimerization process (Schell 1993) . The importance of this second group is that it clearly separates the two classes of proteins with their HTH in the N terminus into the supergroup of negative regulators and the LysR family of dual regulators, or, more precisely, activators that repress their own expression. Members of this family have been described in almost all bacteria, although in some cases associated with mobile elements that could help to diversify their regulatory function (Schell 1993 ). This family is represented by two members in A. fulgidus and in M. thermoautotrophicum and by one member in M. janashii, suggesting their horizontal transfer from Bacteria.
The genes for these regulators are usually adjacent to a regulated gene in the opposite direction, defining a divergent pair of regulated promoters. This transcriptional organization would facilitate its horizontal transfer following the selfish operon hypothesis (Ochman et al. 2000) , since, in addition to functionally related, closely located genes, it offers a way to transfer the regulatory region (its promoter and operator) within the noncoding sequence, something particularly useful given its autoregulatory function. Furthermore, the negative autoregulation of LysR proteins and its homeostatic effect (Thieffry and Thomas 1995) is one additional argument that might have contributed to its evolutionary great success. Certainly, it is the largest family within the Bacteria.
In brief, members of the LysR family define an evolutionary group clearly distinct from the supergroup of repressors discussed before. They have a different conserved sequence pattern; their role is mostly as activators with negative autoregulation; they must have emerged in Bacteria, where they are the dominant group, with an exceptional presence in the Archaea; and they share an operon organization that seems ideal for horizontal transfer. The existence of this group gives further support to the argument of a common origin for the correlation between the position of the HTH and the role of activators in transcription, as opposed to convergence due to physical restrictions.
Discussion
It is not possible to know in detail the historical events at the origin of transcription factors, because the small size of the motif is not informative enough to reveal whether all HTH motifs come from a unique ancestor in evolution (Rosinski and Atchley 1999) . However, as illustrated here, it is possible to know whether a group of families sharing some properties is the result of a common origin or the result of convergence in evolution.
No other bacterial family in addition to the repressor families discussed here is represented within a single archaeal genome. Previous studies have suggested that the HTH motif of specific Tf's occurs in Archaea as a result of horizontal transfer from Bacteria Koonin et al. 1997; Makarova, et al. 1999) . Our results indicate that the HTH motif of specific Tf's occurs in Bacteria and Archaea as a result of a common origin, except for the few cases just discussed. The co-occurrence of some families within proteins sharing a common pattern beyond the HTH provides additional evidence for a common origin of this type motif before the divergence of Archaea and Bacteria. It is interesting in this sense that these ancient families are basically repressors of the 70 promoters in bacteria, and they may as well act as repressors within the archaeal transcription machinery. The archaeal basal transcription apparatus shows a striking similarity to the eukaryotic machinery such as the TATA box, RNA polymerase, and transcription factors (Bell and Jackson 2000) . One may wonder if this is in apparent contradiction with the dominance of activation in eukaroytes. However, the ability of in vitro transcription with reconstituted TBP, TFB, and RNA polymerase suggests the possible presence of basal transcription activity of promoters in vivo and, therefore, the need of the cell to repress them. Recent evidence shows that in A. fulgidus a promoter is subject to repression by preventing recruitment of the RNA polymerase by a protein similar to the DtxR bacterial repressor (Bell et al. 1999) . This adds to the plausible repression of an Lrp-like regulator in Sulfolobus (Napoli et al. 1999) .
Horizontal transfer among bacteria, archaea, and eukaryotes has been suggested to occur frequently (Brown and Doolittle 1997) , and although genes whose products are involved in protein-protein interactions are expected to be transferred less efficiently (Jain et al. 1999) , the conservation of the RNA polymerase in bacteria (Gruber and Bryant 1997) , and the binding of several activators to the same region of the RNA polymerase (Lonetto et al. 1998) , should eliminate this restriction for the activator or repressor proteins to be transferred within the Bacteria.
Two major groups of transcription regulators can be identified based on the HTH positioning in the protein, the N-terminus and the C-terminus groups, which correlate with repressors and activators, respectively. Evidence presented in this paper indicates that the majority of repressor proteins shares a common origin. This evidence includes the positional conservation of the HTH, the presence of important amino acids involved in the HTH conformation, sequence conservation beyond the strict HTH motif, and the clear occurrence of some of these repressors before the Archaea and Bacteria divergence. A possible scenario for the evolution of transcriptional HTH regulators could start with a relatively small repressor as ancestor to the actual Tf's, before the divergence of Archaea and Bacteria. Afterward, the joining of larger domains involved in metabolite recognition, or multimerization, determined the HTH DNA binding domain within the sequence: as a consequence of this joining, it would be near the end N or C terminus of the protein. An ancestral protein with a DNA domain located N-terminal to the ligand domain could have originated the repressors. Very ancient duplications eventually gave rise to the different members of the supergroup. Similar processes of domain addition have been proposed for HTH modules (Jones, 1999) , in Two-Component proteins (Pao and Saier 1995) and in other families, such as GalR/LacI and NagR/XylR (Titgemeyer et al. 1994; Weickert and Adhya 1992) .
Although the protein sequence has changed significantly within the families clustered in the supergroup, the variation in the protein backbone has been smaller within the HTH structure (Wintjens and Rooman 1997) . This smaller variation would reflect the functional conservation among several members of the supergroup.
Topological restrictions on multimerization could be related to the positioning of the motif at the N terminus (Gralla and Collado-Vides 1996) for repressors. In fact Percipalle et al. (1995) have proposed that positioning of the HTH in the N terminus contributes to greater flexibility in a dimer, promoting stronger binding to DNA, implying a better role as a repressor. Its counterpart, positioning of the HTH in the N terminus, does not prevent protein to activation as illustrated by the LysR family. These dual regulators repress their own gene by binding to a located site closer to the binding of the RNA polymerase than its usual activator position (Gralla and Collado-Vides 1996) . Overall this evidence suggests that the better explanation for the existence of the supergroup of repressors is a common origin, and not functional restriction.
